Caspase-11, a cytosolic endotoxin (lipopolysaccharide: LPS) receptor, mediates pyroptosis, a lytic form of cell death. Caspase-11-dependent pyroptosis mediates lethality in endotoxemia, but it is unclear how LPS is delivered into the cytosol for the activation of caspase-11. Here we discovered that hepatocyte-released high mobility group box 1 (HMGB1) was required for caspase-11-dependent pyroptosis and lethality in endotoxemia and bacterial sepsis. Mechanistically, hepatocytereleased HMGB1 bound LPS and targeted its internalization into the lysosomes of macrophages and endothelial cells via the receptor for advanced glycation end-products (RAGE). Subsequently, HMGB1 permeabilized the phospholipid bilayer in the acidic environment of lysosomes. This resulted in LPS leakage into the cytosol and caspase-11 activation. Depletion of hepatocyte HMGB1, inhibition of hepatocyte HMGB1 release, neutralizing extracellular HMGB1, or RAGE deficiency prevented caspase-11-dependent pyroptosis and death in endotoxemia and bacterial sepsis. These findings indicate that HMGB1 interacts with LPS to mediate caspase-11-dependent pyroptosis in lethal sepsis.
In Brief
Caspase-11, a cytosolic LPS receptor, mediates endotoxic shock. Deng and colleagues demonstrate that hepatocytereleased HMGB1 mediates caspase-11-dependent pyroptosis and lethality in sepsis by delivering extracellular LPS into the cytosol of macrophages and endothelial cells, where LPS activates caspase-11.
INTRODUCTION
Elevated concentrations of circulating bacterial endotoxin (lipopolysaccharide [LPS] ) are encountered in sepsis and removal of LPS is beneficial to patients with sepsis (Angus and van der Poll, 2013; Ronco et al., 2010) . Endotoxemia-induced lethality depends largely on the activation of caspase-11, which is encoded by Casp11 Kayagaki et al., 2011 Kayagaki et al., , 2013 Kayagaki et al., , 2015 Wang et al., 1998) . Activated caspase-11 cleaves gasdermin D (GSDMD) into pore-forming peptides that subsequently cause pyroptosis, a lytic form of cell death that releases eicosanoids, such as leukotriene B4 (LTB4), through cyclooxygenase (COX)-1 as well as alarmins, including interleukin (IL)-1a . Deletion of Gasdmd or inhibition of COX-1 improves survival in endotoxemia Kayagaki et al., 2015) . Caspase-11-mediated pyroptosis destroys the intracellular niche and activates local immune defenses by releasing chemoattractants and promoting vascular permeability (Kayagaki et al., 2011 (Kayagaki et al., , 2013 Shi et al., 2014; Hagar et al., 2013; Aachoui et al., 2013) . Extracellular LPS triggers pyroptosis of immune cells and endothelial cells only after LPS has been delivered to caspase-11 inside the cell Kayagaki et al., 2013; Aachoui et al., 2013; Cheng et al., 2017) . Uptake of intact gram-negative bacteria into macrophages with subsequent lysis of the phagolysosome can lead to activation of cytosolic caspase-11 as does the uptake of LPS-containing outer membrane vesicles (OMVs) released by live extracellular bacteria (Meunier et al., 2014; Vanaja et al., 2016) . It has been previously unknown, however, how (legend continued on next page) extracellular or circulating LPS is delivered into the cytosol of cells for the activation of caspase-11.
High mobility group box-1 (HMGB1), a ubiquitous nuclear and cytosolic protein, is released into the circulation and mediates lethality during endotoxemia and sepsis (Wang et al., 1999 (Wang et al., , 2004 Lamkanfi et al., 2010; Lu et al., 2012) . Genetic deletion of HMGB1 or neutralizing circulating HMGB1 confers protection in lethal endotoxemia and bacterial sepsis (Wang et al., 1999 (Wang et al., , 2004 Andersson and Tracey, 2011; Lamkanfi et al., 2010; Qin et al., 2006; Rittirsch et al., 2008) . The biological activity of HMGB1 is dependent upon the redox status of its three cysteine residues (Lu et al., 2012; Kazama et al., 2008) . Whereas the disulfide isoform activates toll-like receptor 4 (TLR4) and cytokine production, the fully reduced isoform does not (Lu et al., 2012) . HMGB1 binds LPS (Youn et al., 2008) , leading us to hypothesize that HMGB1 might deliver LPS into the cytosol of macrophages and endothelial cells to trigger caspase-11-dependent pyroptosis and lethality.
Here we show that HMGB1 enables extracellular LPS to activate cytosolic caspase-11 in macrophages and endothelial cells via receptor for advanced glycation end-products (RAGE)-dependent internalization of HMGB1-LPS complexes into lysosomes, where HMGB1 permeabilizes the phospholipid bilayer under acidic conditions. The destabilization of lysosomes and the leakage of LPS into the cytosol culminates in the activation of caspase-11. Hepatocytes are the major source of circulating HMGB1 during endotoxemia and bacterial sepsis, and deletion of Hmgb1 in hepatocytes, prevention of hepatocyte HMGB1 release, administration of HMGB1 neutralizing antibody, or RAGE deficiency prevented caspase-11-dependent pyroptosis and death in endotoxemia and bacterial sepsis.
RESULTS

HMGB1 Enables Extracellular LPS to Activate Caspase-11
We first determined whether HMGB1 could physically interact with LPS. As shown by surface plasmon resonance, the reduced form of HMGB1 bound LPS in vitro ( Figure S1A ). To test whether HMGB1 binds LPS during endotoxemia, biotin-labeled LPS was administered into the peritoneal cavity of mice and soluble LPS binding molecules were isolated using streptoavidin-coated beads. The physical interaction between biotin-labeled LPS and HMGB1 during endotoxemia was demonstrated by both immunoblot and mass spectrometry (Figures 1A and S1B) . In addition to HMGB1, we found that LPS-binding protein (LBP), albumin, and immunoglobin also interacted with LPS in vivo (Figure S1B) . We next determined whether these LPS-interacting proteins enabled extracellular LPS to activate caspase-11. LPS failed to induce pyroptosis or the associated release of IL-1a in cultured macrophages in the presence of albumin, immunoglobin, or LBP ( Figures 1B and S1C ). In contrast, highly purified recombinant HMGB1 protein (reduced form) enabled LPS to induce macrophage pyroptosis, which largely depended on caspase-11 ( Figures 1B-1E ). HMGB1 alone failed to induce pyroptosis or tumor necrosis factor (TNF) production ( Figure 1C ). Importantly, endogenous HMGB1 released from necrotic Hmgb1 +/+ mouse embryonic fibroblasts (Scaffidi et al., 2002) enabled LPS to induce the release and cleavage of IL-1a from wild-type but not caspase-11-deficient macrophages without enhancing TNF production ( Figures 1F and S1D ). Silencing of CASP4, one of the human homologs of Casp11 , blocked HMGB1-induced IL-1a and LDH release from human monocytic THP-1 cells in the presence of LPS (Figures 1G and 1H) . Furthermore, HMGB1 enabled extracellular LPS to trigger pyroptosis in WT but not Casp11 À/À mouse lung endothelial cells ( Figure 1I ). Caspase-11 induces inflammasome-mediated caspase-1 activation with pro-IL-1b cleavage and IL-1b release (Kayagaki et al., 2011) . Consistent with these previous observations, deletion of Casp11 reduced HMGB1+LPS-induced IL-1b release, pro-IL-1b cleavage, and caspase-1 activation to the same amounts observed in Nlrp3 À/À or Asc À/À macrophages ( Figures   1B, 1D , S2A, and S2B). Pharmacological inhibition of NLRP3 by MCC950 (Coll et al., 2015) reduced IL-1b release, pro-IL-1b (C) LDH assay and ELISA for TNF in the supernatants of mouse peritoneal macrophages stimulated with LPS alone (1 mg/mL) or LPS (1 mg/mL)+HMGB1 (400 ng/mL) for 16 hr. (D) Immunoblots for caspase-11, IL-1a, caspase-1, IL-1b, and b-actin in the supernatants (SN) or cell lysates (Cell) of WT or Casp11 À/À peritoneal macrophages stimulated with LPS alone (1 mg/mL) or LPS (1 mg/mL)+HMGB1 (400 ng/mL) for 16 hr. (E) ELISA for total IL-1a and LDH assay in the supernatants of WT or Casp11 À/À peritoneal macrophages stimulated with LPS alone (1 mg/mL) or LPS
(1 mg/mL)+HMGB1 of indicated concentration for 16 hr.
(F) Immunoblot to detect caspase-11, IL-1a, caspase-1, IL-1b, HMGB1, and b-actin in supernatants (SN) or cell lysates (Cell) of mouse peritoneal macrophages of indicated genotypes upon exposure to the necrotic Hmgb1 À/À or Hmgb1 +/+ MEFs (10 6 cells/mL) in the presence or the absence of LPS (1 mg/mL) for 16 hr (the ratio of necrotic cells to macrophages is 1:1).
(G) Immunoblot to detect caspase-4 (Casp4), IL-1a, caspase-1, IL-1b, and b-actin in supernatants (SN) or cell lysates (Cell) of human monocytic THP-1 cells transfected with scrambled siRNA or CASP4-specific siRNA upon HMGB1 (400 ng/mL) and LPS (1 mg/mL) stimulation for 16 hr.
(H) LDH assay in the supernatants of human monocytic THP-1 cells transfected with scrambled siRNA or CASP4-specific siRNA upon HMGB1 (400 ng/mL) and LPS (1 mg/mL) stimulation for 16 hr.
(I) LDH assay for WT or Casp11 À/À mouse lung endothelial cells stimulated with LPS (1 mg/mL) alone or HMGB1 (400 ng/mL) alone or LPS (1 mg/mL)+HMGB1
(400 ng/mL) for 16 hr.
(J) The LPS-binding capacity of HMGB1 incubated with different concentrations of LPS-RS. Plates coated with recombinant HMGB1 (16 mg/mL) were incubated with biotin-labeled LPS (0.2 mg/mL) with indicated concentration of LPS-RS. Binding between plate-coated HMGB1 and biotin-labeled LPS was measured by using streptavidin-HRP. The percentage of binding competition by LPS-RS was determined.
(K) Mouse peritoneal macrophages were stimulated with HMGB1 (400 ng/mL) and LPS (1 mg/mL) in the presence of indicated doses of LPS-RS for 16 hr. Caspase-11, IL-1a, caspase-1, IL-1b, and b-actin were detected by immunoblot.
(L) LDH assay for cytotoxicity and ELISA for IL-1a in the supernatants of WT mouse peritoneal macrophages stimulated with LPS (1 mg/mL)+HMGB1 (400 ng/mL) in the presence of different concentrations of HPep1 for 16 hr. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments. See also Figures S1 and S2.
cleavage, and caspase-1 activation in a concentrationdependent manner ( Figures S2C and S2D ). Furthermore, HMGB1+LPS-induced pro-IL-1b cleavage and IL-1b release largely depended on caspase-11 and the NLRP3 inflammasome ( Figures S2A and S2B ). Taken together, these observations indicate that HMGB1 enables extracellular LPS to activate caspase-11 and downstream caspase-1.
HMGB1-LPS Binding Is Important for Caspase-11-Dependent Pyroptosis HMGB1 has been shown previously to bind LPS ( Figure S1A ; Youn et al., 2008) . To determine whether a direct interaction between HMGB1 and LPS was required for caspase-11 activation, penta-acylated LPS from the Rhodobacter sphaeroides (LPS-RS), a competitive LPS antagonist that does not activate caspase-11 , was added to the assays. LPS-RS dose dependently blocked HMGB1-LPS interaction ( Figure 1J ) and inhibited HMGB1+LPS-induced pyroptosis in mouse peritoneal macrophages ( Figures 1K and S2E ). HPep1, a peptide known to specifically block the HMGB1-LPS binding (Youn et al., 2011) , also dose dependently inhibited HMGB1+LPS-induced pyroptosis in mouse macrophages ( Figure 1L ). HMGB1 contains two LPS-binding domains, one each in the A-and B-box domains. These two LPS-binding domains bind to the polysaccharide and lipid A moieties of LPS, respectively (Youn et al., 2011) . However, truncated HMGB1 mutants containing either A-box or B-box could not bind LPS, suggesting that efficient HMGB1-LPS binding requires both LPS-binding domains (Youn et al., 2008 (Youn et al., , 2011 . To further prove that HMGB1-LPS binding is important for HMGB1+LPS to induce pyroptosis, we used recombinant truncated forms of HMGB1 that included only A-box or B-box. In contrast to full-length HMGB1, the truncated HMGB1 form containing only A-box or B-box were unable to bind LPS efficiently ( Figure S2F ) and failed to induce pyroptosis in the presence of LPS (Figures S2G and 2H) . Together, these findings establish that HMGB1 enables extracellular LPS to activate caspase-11 through physical interaction with LPS.
HMGB1 Delivers LPS into the Cytosol through RAGE-Mediated Internalization By using cholera toxin B or lipofectamine 3000, we found that HMGB1 is not required for the activation of caspase-11 by LPS delivered directly to the cytosol ( Figures S2I-2L ). To determine whether HMGB1 is essential for translocation of extracellular LPS to the cytosol, we isolated cytosol devoid of cytoplasmic membranes, endosomes, and lysosomes using low concentrations of digitonin (Vanaja et al., 2016) on macrophages treated with LPS with or without HMGB1 (Figure 2A) . LPS was present in the cytosol of macrophages stimulated with HMGB1+LPS but not LPS alone. We next assessed the interaction between caspase-11 and LPS using a proximity ligation assay (PLA) and observed the interaction of LPS with caspase-11 in the cytosol of macrophages stimulated with HMGB1+LPS but not LPS alone ( Figure 2B ). Thus, HMGB1 mediates the translocation of LPS to the cytosol leading to LPS interaction with caspase-11.
To assess how HMGB1 mediates LPS translocation to the cytosol, we used confocal microscopy to first localize LPSbound HMGB1 in macrophages ( Figure S3A ) and found that HMGB1-LPS complexes co-localized with endosomal and lysosomal markers ( Figure S3B ). HMGB1 enhanced LPS internalization into endo-lysosomes ( Figure 2A ). We then tested whether internalization of HMGB1-LPS complexes into endo-lysosomes is a critical step for LPS translocation to the cytosol. Cooling cells to 4 C or addition of dynasore, both of which inhibit the active internalization processes (Thompson et al., 2012) , prevented the cytosolic translocation of LPS and the release of IL-1a and IL-1b in mouse peritoneal macrophages stimulated with HMGB1+LPS ( Figures 2C and 2D ). HMGB1 internalization largely depends on RAGE, which is encoded by Ager (Liliensiek et al., 2004) . Consequently, deletion of Ager or treatment with RAGE blocking peptide markedly reduced the number of HMGB1-LPS complexes in the cells (Figures S3C and S3D) . Deletion of Ager blocked the cytosolic translocation of LPS, pyroptosis, and LPS-caspase-11 interaction by PLA in macrophages without altering the expression of caspase-11, pro-caspase-1, IL-1a, or pro-IL-1b ( Figures 2E, 2F , S3E, and S3F). Like macrophages, endothelial cells express functional RAGE (Wautier et al., 1996; Hofmann et al., 1999; Liliensiek et al., 2004) . Deletion of Ager impaired cytosolic delivery of LPS by HMGB1 in mouse lung endothelial cells ( Figure 2G ). Addition of dynasore also prevented the cytosolic translocation of LPS in endothelial cells ( Figure 2H ). Accordingly, RAGE deficiency prevented caspase-11-dependent pyroptosis in endothelial cells upon HMGB1+LPS stimulation ( Figure 2I ). Together, these results demonstrate that internalization of HMGB1-LPS complexes into endo-lysosomes through RAGE is a critical step for LPS translocation to the cytosol and caspase-11 activation.
HMGB1 Destabilizes Lysosomal Membranes Leading to LPS Release into the Cytosol for Caspase-11 Activation To assess the role of HMGB1 in the translocation of LPS from the endo-lysosomal compartment to the cytosol, mouse peritoneal macrophages were loaded with dextran, a fluorescent dye that accumulates in lysosomes and endosomes. Confocal microscopy revealed that exposure to HMGB1 but not LBP led to the transfer of dextran from the endosomes and lysosomes to the cytosol in WT but not Ager À/À macrophages ( Figures 3A and 3B). Similar findings were obtained by using DQ-ovalbumin, another fluorescent dye that is normally quenched unless proteolytically processed into peptides in the lysosomes ( Figure 3A ). To confirm that HMGB1 induces lysosomal rupture with release of lysosomal contents into the cytosol, we isolated the cytosolic fraction of macrophages and measured the amounts of cathepsin D, a lysosomal protease. Notably, exposure to HMGB1 but not LBP resulted in the appearance of cathepsin D in the cytoplasmic compartment in a RAGE-dependent manner ( Figure 3C ). Next, we used acridine orange to quantitatively measure lysosomal integrity (Hornung et al., 2008) . Exposure to HMGB1 but not LBP resulted in a disappearance of lysosomes in WT but not Ager À/À macrophages ( Figure 3D ). Lysosomal rupture triggers the activation of NLRP3 inflammasome in TLR agonist-primed macrophages independent of Caspase-11 (Hornung et al., 2008; Kayagaki et al., 2011) . Accordingly, HMGB1 dose dependently induced IL-1b release from Casp11 À/À but not Nlrp3 À/À mouse macrophages primed with Pam3CSK4, a TLR2 agonist ( Figure S3G ). Taken together, these findings show that HMGB1 induces lysosomal rupture with release of lysosomal contents into the cytosol after RAGE-mediated internalization of HMGB1. Next, we investigated the mechanisms by which HMGB1 induces lysosomal destabilization. HMGB1 is an amphipathic protein and is able to bind multiple types of phospholipids, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol (Rouhiainen et al., 2007) . As revealed by single-molecule imaging, Alexa 488-labeled HMGB1 rapidly accumulated in the cell membrane of macrophages (Figure 3E) . This finding prompted us to test whether HMGB1 could directly permeabilize phospholipid bilayers. Cell membrane permeabilization leads to the formation of an inward current that can be measured using whole-cell patch-clamp techniques (Moyes et al., 2016) . HMGB1 exposure rapidly induced an inward current across cell membranes ( Figure 3F ). The threshold concentration of HMGB1 to induce inward current was eight times lower in an acidic environment (pH = 5.0) than at neutral pH ( Figure 3F ). The exposure to LPS, albumin, LBP, or IL-26, an amphipathic protein that binds LPS, failed to induce an inward current ( Figure 3F ). LPS did not alter the ability of HMGB1 to disrupt the membrane ( Figure 3F ). Truncated HMGB1 containing A-box retained the ability to permeabilize membrane ( Figure S3H ). To confirm that HMGB1 could directly permeabilize phospholipid bilayers, we conducted a liposome-leakage assay and found that HMGB1 induced liposome leakage in a time-dependent manner (Figure 3G) . The capacity of HMGB1 to induce liposome leakage was markedly increased under acidic conditions (pH = 5.0) in a manner similar to that of the human immunodeficiency virus-1 TAT protein ( Figure 3G ). Together, these findings suggest that HMGB1 destabilizes lysosomal membranes leading to leakage of LPS into the cytosol, which culminates in the activation of caspase-11.
Hepatocyte-Released HMGB1 Is Important for Caspase-11-Dependent Pyroptosis and Lethality in Endotoxemia Extracellular HMGB1 at the concentration of 0.2 mg/mL enabled LPS to induce caspase-11-dependent pyroptosis in vitro (Figure 1E) . As serum HMGB1 concentrations in endotoxemia can exceed 0.25 mg/mL (Lamkanfi et al., 2010) , we next investigated whether HMGB1 contributes to the caspase-11-dependent pyroptosis in endotoxemia. Because both myeloid cells and hepatocytes have been shown to actively and passively release HMGB1 during inflammation or hypoxia (Lu et al., 2012; Scaffidi et al., 2002; Tsung et al., 2007) , we generated mice with selective Hmgb1 deletion in either myeloid cells (
Hmgb1 leads to early postnatal death (Calogero et al., 1999) , these mice displayed no detectable defects under physiological conditions. We found that hepatocytes, but not myeloid cells, were the major source of the increased circulating HMGB1 concentrations during endotoxemia ( Figure 4A ). Global deletion of Casp11 or hepatocyte selective deletion of Hmgb1 markedly reduced the systemic release of IL-1a, IL-1b, and LTB4 in endotoxemia (Figures 4B-4E and S4A-S4B). Consistent with previous (G) Fluorescent calcein dye was encapsulated into the liposomes, which were incubated with HMGB1, bovine serum albumin (BSA), or TAT at the indicated concentration for indicated time at neutral (pH = 7.4) or acidic pH (pH = 5.0). Liposome leakage was monitored by measuring calcein fluorescence intensity. Triton X-100 treatment was used to achieve 100% liposome leakage. Graphs show the mean ± SD of technical replicates and are representative of three independent experiments. See also Figure S3 . Circles represent individual mice. *p < 0.05; **p < 0.01; ***p < 0.001; NS: not significant (Student's t test and log-rank test for survival). See also Figure S4 .
findings , genetic deletion of Casp11 or pharmacological inhibition of COX-1 led to improved host survival during lethal endotoxemia ( Figure 4F ). Importantly, deletion of Hmgb1 in hepatocytes, which prevents the accumulation of HMGB1 and LTB4 in the circulation, also significantly improved survival in lethal endotoxemia ( Figure 4G ). HMGB1 deficiency in myeloid cells has been shown to increase cell death including pyroptosis (Yanai et al., 2013) . Although myeloid-specific deletion of Hmgb1 did not reduce circulating concentrations of HMGB1 during endotoxemia, consistent with the previous observations (Yanai et al., 2013) , we did observe significantly increased serum concentrations of the pyroptotic markers IL-1a and LTB4 with myeloid-specific Hmgb1 deletion ( Figures  4D and 4E ). Similar observations were made in poly(I:C)-primed and LPS-challenged mice ( Figures 4H-4L ). Thus, hepatocytes are the major source of HMGB1 released systemically in endotoxemia that mediates pyroptosis.
Neutralizing Extracellular HMGB1 or Inhibition of HMGB1-LPS Binding Prevents Caspase-11-Dependent Pyroptosis and Death in Endotoxemia
To further confirm that extracellular HMGB1 is critical for pyroptosis and death in endotoxemia, mice were injected with monoclonal HMGB1 neutralizing antibodies or isotype control IgG. Neutralizing extracellular HMGB1 significantly reduced the release of IL-1a and IL-1b as well as lethality in endotoxemia as compared to the IgG controls ( Figures 5A, 5B , and S4C).
Similar observations were made in poly(I:C)-primed and LPSchallenged mice ( Figure 5C ). Next, we determined whether LPS-HMGB1 binding is critical for pyroptosis in vivo. Mice were injected with HPep1, a peptide known to specifically block the HMGB1-LPS binding (Youn et al., 2011) . Administration of HPep1 significantly attenuated the release of IL-1a and IL-1b in endotoxemia as compared to that of control peptide (Figure S4D) . Moreover, intra-peritoneal injection of LPS-RS significantly promoted survival during lethal endotoxemia ( Figure S4E ). Further, administration of HMGB1 alone, even at high doses, was not lethal in mice ( Figure S4F ), supporting the notion that HMGB1 requires binding to LPS to initiate lethal responses.
Collectively, these results demonstrate that neutralizing extracellular HMGB1 or inhibition of HMGB1-LPS binding prevents pyroptosis and lethality during endotoxemia.
RAGE Is Required for Pyroptosis and Lethality in Endotoxemia
Both endothelial cells and macrophages express functional RAGE (Wautier et al., 1996; Hofmann et al., 1999) . As RAGE is essential for HMGB1+LPS-induced caspase-11 activation in both macrophages and endothelial cells in vitro ( Figures  2E-2H ), we reasoned that RAGE might be critical for caspase-11-dependent pyroptosis and lethality in endotoxemia. Ager deficiency significantly inhibited IL-1a, LTB4, and IL-1b release during endotoxemia ( Figures 5D, 5E , and S4G). Deletion of Ager or administration of soluble RAGE protected mice from mice injected with poly(I:C) (10 mg/kg) for 6 hr and then challenged with LPS (10 mg/kg). Circles represent individual mice. *p < 0.05; **p < 0.01; ***p < 0.001; NS: not significant (Student's t test and log-rank test for survival). See also Figure S4 .
lethal endotoxemia ( Figures 5F and S4H ). Furthermore, Ager deletion significantly reduced IL-1a and LTB4 release and improved survival in mice treated with poly(I:C) followed by LPS ( Figures 5G-5I ). Similar to caspase-11-deficient mice (Kayagaki et al., 2013) , RAGE-deficient mice were less protected after poly(I:C)+LPS challenge than after LPS+LPS challenge (Figures 5I). Together with other data, these observations support the conclusion that hepatocyte-released HMGB1 drives caspase-11 activation in RAGE-expressing cells leading to pyroptosis and death in endotoxemia.
RAGE and Hepatocyte-Released HMGB1 Are Important for Caspase-11-Dependent Pyroptosis and Lethality in Bacterial Sepsis Experiments were then conducted to determine whether hepatocyte-released HMGB1 and RAGE are critical for caspase-11-dependent lethality in bacterial sepsis. Using cecum ligation and puncture (CLP), a clinically relevant murine model of Gram-negative polymicrobial sepsis, we observed that hepatocytes, but not myeloid cells, were the major source of circulating HMGB1 during bacterial sepsis ( Figure 6A ). Hepatocyte-specific Figures 6D-6F ).
The spleen but not the kidneys highly expressed caspase-11 in sepsis (Figure S4J) . Accordingly, bacterial sepsis caused considerable caspase-11-dependent immune cell death in spleen (Figure 6G ). Hepatocyte-specific deletion of Hmgb1 or global deletion of Ager markedly attenuated sepsis-induced cell death in the spleen ( Figures 6G and  S4K ). In agreement with previous work (Yanai et al., 2013) , deletion of HMGB1 in myeloid cells significantly enhanced cell death in the spleen ( Figure 6G ). Similar findings were obtained by analyzing peritoneal immune cells using flow cytometry ( Figure S4L ). Global deletion of Casp11 or Ager or hepatocyte-specific deletion of Hmgb1 significantly improved survival after CLP (Figures 6H-6J ). In contrast, deletion of Hmgb1 in myeloid cells failed to improve survival ( Figure 6I ). Global simultaneous deletion of both Tlr4 and Casp11 resulted in lethality after CLP in between that seen in Tlr4 À/À or WT mice ( Figure 6H ). This could be explained by previous findings showing that TLR4 is essential for bacterial clearance and survival in bacterial sepsis (Deng et al., 2013) . These data support the conclusion that hepatocyte-released HMGB1 and RAGE are required for caspase-11-dependent pyroptosis and lethality in bacterial sepsis.
LPS Stimulates HMGB1 Release from Hepatocytes in a TLR4-and Caspase-11-Dependent Manner Next, we investigated the mechanisms by which hepatocytes release HMGB1 in response to LPS. Hepatocytes express TLR4 that senses extracellular LPS (Scott and Billiar., 2008; Deng et al., 2013) . Upon LPS exposure, cultured hepatocytes utilized TLR4 to trigger HMGB1 release, which promoted caspase-11-dependent IL-1a release from co-cultured macrophages ( Figures 7A, 7B , and S5A-5C). Selective deletion of Tlr4 in hepatocytes significantly reduced the release of HMGB1, IL-1a, and IL-1b as well as lethality in endotoxemia (Figures 7C-7E and S5D ). Similar observations were made in bacterial sepsis (Figures S5E-S5G ). We also confirmed that TLR4 in myeloid cells was important for IL-1a release and lethality in endotoxemia using specific Tlr4 À/À mice ( Figures 7D and 7E ).
In line with our previous findings (Scott and Billiar, 2008; Deng et al., 2013) , hepatocytes utilize TLR4-CD14-Trif signaling, rather than RAGE or HMGB1, to promote the uptake of LPS into the cytosol ( Figures 7F and S6A-S6E ). This led us to hypothesize that an intracellular LPS-sensing pathway, such as caspase-11, could be involved in HMGB1 release by hepatocytes in endotoxemia. We confirmed that hepatocytes express caspase-11 in response to LPS ( Figure 7G ). Using hepatocytes isolated from transgenic mice, we found that LPS-induced HMGB1 release from living hepatocytes required both caspase-11 and GSDMD ( Figures 7H and S6F-S6J) . Furthermore, live cell imaging confirmed the extracellular release of GFPlabeled HMGB1 from living hepatocytes exposed to LPS ( Figure S6K ).
To understand the relative importance of caspase-11 in myeloid cell versus non-myeloid cells in endotoxin lethality, we generated bone marrow chimeras wherein Casp11 deletion is restricted to hematopoietic or non-hematopoietic cells using WT (CD45.1 + ) and global caspase-11 (CD45.2 + ) strains as donors and recipients ( Figures S7A-S7C) . Deletion of Casp11 only in hematopoietic cells significantly inhibited lethality in endotoxemia ( Figure S7A ), confirming that myeloid cell caspase-11 contributes to LPS-induced lethality. However, deletion of Casp11 only in non-hematopoietic compartments reduced LPS lethality to an even greater extent and to the same rate of that observed in global caspase-11-deficient mice ( Figure S7B ). These observations are consistent with a recent study showing that genetic deletion of Casp11 in endothelial cells reduces lethality by more than 50% in endotoxemia (Cheng et al., 2017) , but also could reflect the importance of hepatocyte caspase-11 to HMGB1 release to the lethal LPS response. To more directly test this possibility, we generated mice with selective Casp11 deletion in hepatocytes (Casp11 f/f Alb-cre + ) and confirmed that hepatocyte caspase-11 was required for systemic release of HMGB1 release and increased in systemic markers of pyroptosis in endotoxemia and bacterial sepsis. Accordingly, selective deletion of Casp11 in hepatocytes also prevented LPS-induced lethality ( Figures 7I-7L and S7D-S7F).
Poly(I:C) Stimulates HMGB1 Release from Hepatocytes Independent of TLR4 and Caspase-11 Similar to LPS, poly(I:C) priming triggered HMGB1 release from hepatocytes in vivo ( Figure 4H ) and is known to dramatically promote LPS lethality in a caspase-11-dependent manner Kayagaki et al., 2013) . We next investigated whether poly(I:C) utilizes the same signaling pathway to induce hepatocyte HMGB1 release as LPS. WT, Tlr4 À/À , Casp11
, and Gsdmd À/À hepatocytes released comparable amounts of HMGB1 in response to poly(I:C) ( Figure 7M ), indicating that poly(I:C) induces hepatocyte HMGB1 release independent of TLR4 and caspase-11. Poly(I:C) is known to stimulate robust type 1 interferon (IFN) production in hepatocytes (Zhang et al., 2016 , the receptor for type 1 IFN, markedly decreased poly(I:C)-induced HMGB1 release from hepatocytes ( Figure 7M ).
In line with the in vitro findings ( Figure 7M ), administration of poly(I:C) markedly elevated plasma HMGB1 concentrations in Tlr4 À/À mice ( Figure 7N ). Consistent with previous reports Kayagaki et al., 2013) , priming with poly(I:C) enabled LPS to bypass the requirement for TLR4 to cause host death. The role of HMGB1 in the lethality induced by poly(I:C) was confirmed using neutralizing antibodies (Figures 7O). As hepatocyte-released HMGB1 and RAGE are critical for LPS lethality in poly(I:C)-primed mice ( Figures 4I-4L and 5G-5I), these data suggest that poly(I:C) priming promotes caspase-11 activation and LPS lethality, at least in part, through hepatocyte-released HMGB1 and RAGE. 
, or Ifnar1 À/À hepatocytes stimulated by poly(I:C) (10 mg/mL) for 24 hr.
(N) Plasma HMGB1 concentrations for Tlr4 À/À mice injected with poly(I:C) (10 mg/kg) for 6 hr.
(O) Kaplan-Meier survival plots for Tlr4 À/À mice injected with poly(I:C) (10 mg/kg) for 6 hr and then challenged with LPS (10 mg/kg) with monoclonal HMGB1
neutralizing antibodies (2G7, 150 mg per mouse) or isotype control IgG (150 mg per mouse). *p < 0.05; **p < 0.01; ***p < 0.001 (Student's t test and log-rank test for survival). Circles represent individual mice. See also Figures S5, S6 , and S7.
DISCUSSION
Taken together, our results identify HMGB1 as a critical mediator that drives caspase-11 activation during endoxemia and bacterial sepsis. Hepatocytes can sense circulating pathogen-associated molecular patterns (PAMPs) such as LPS or poly(I:C) and subsequently release HMGB1 into the blood stream. Hepatocyte-released HMGB1 delivers extracellular LPS into the cytosol of RAGE-expressing cells and this is critical for caspase-11-dependent lethality in endotoxemia and bacterial sepsis. Important steps in this process are RAGE-mediated internalization of HMGB1-LPS complexes followed by the destabilization of lysosomes by HMGB1 for the delivery of LPS to cytosolic caspase-11. Both endothelial cells and myeloid cells express RAGE and caspase-11 (Hofmann et al., 1999; Liliensiek et al., 2004) . Although endothelial cell caspase-11 plays a major role in endotoxemia-induced lethality (Cheng et al., 2017) , caspase-11 in myeloid cells, such as macrophages, also contributes to the lethality in sepsis. These findings unravel how the host initiates lethal immune responses to LPS at the level of the whole organism and provide mechanistic insight into how HMGB1 delivers extracellular LPS into the cytosol at the molecular level. HMGB1 physically binds to extracellular LPS and subsequently utilizes a RAGE-dependent internalization process to deliver LPS into acidic lysosomes, where HMGB1 directly permeabilizes the phospholipid bilayer of the lysosomes. Using whole cell patch-clamp analysis and a liposome leakage assay, we observed that the capacity of HMGB1 to permeabilize the phospholipid bilayer was enhanced at more acidic pH. This finding not only elucidates the importance of pH in regulating the capacity of HMGB1 to induce rupture of lysosomes from inside the organelle, but also could explain why HMGB1 in the cytosol or the nucleus does not disrupt cytoplasmic or nuclear membranes under the physiological conditions. By inducing lysosomal rupture, HMGB1 can also activate NLRP3 inflammasome independent of caspase-11 in TLR agonist-primed macrophages. A recent study shows that HMGB1 alone triggers ASCdependent and caspase-11-independent pyroptosis (Xu et al., 2014) . In our study, however, HMGB1 alone failed to induce pyroptosis. The discrepancy between the two studies is likely due to the distinct redox status of HMGB1 recombinant proteins. Oxidation of HMGB1 results in the formation of intramolecular Cysteine 23-Cysteine 45 bonds, which enables HMGB1 to signal through TLR4-MD2 and function as a priming signal for the NLRP3 inflammasome activation (Frank et al., 2016; Yang et al., 2015; Hornung et al., 2008) . As most circulating HMGB1 in sepsis is fully reduced and unable to activate TLR4 (Valdé sFerrer et al., 2013), we used reduced HMGB1 proteins in this study and did not observe pyroptosis with HMGB1 alone.
We also found that myeloid immune cells are not the major source of circulating HMGB1 during endotoxemia (Yanai et al., 2013) and established that hepatocytes are the dominant source of systemic HMGB1 release in bacterial sepsis. During the course of studying how hepatocytes release HMGB1 in response to LPS, we found that hepatocyte caspase-11 mediates LPS-induced HMGB1 release from hepatocytes and that LPS delivery to the cytosol of hepatocytes is enhanced by TLR4 signaling. We had previously shown that hepatocytes utilize a unique TLR4 complex involving b2-integrin as well as CD14 to promote LPS uptake (Scott and Billiar., 2008) . Internalized LPS delivered to caspase-11 in the cytosol led to HMGB1 release from hepatocytes. Living hepatocytes could actively release HMGB1 in response to LPS in a process that required both caspase-11 and GSDMD. In agreement with our findings, a recent study shows that GSDMD mediates IL-1 release from living macrophages (Evavold et al., 2018) . However, poly(I:C)-induced hepatocyte HMGB1 release depends on type 1 IFN signaling, rather than TLR4, caspase-11, or GSDMD. These observations are in an agreement with previous findings that type 1 IFN or type 2 IFN stimulates HMGB1 release in the absence of LPS (Lu et al., 2014; Kim et al., 2009; Rendon-Mitchell et al., 2003) . Though we previously reported that type 1 IFN induces hyperacetylation of the nuclear location sequences in HMGB1 leading to the translocation of HMGB1 from the nucleus to the cytosol (Lu et al., 2014) , how cytosolic HMGB1 is subsequently released into the extracellular space remains unknown.
In the current study, we utilized a ''double-hit'' endotoxemia model and confirmed that priming with a low dose of LPS or poly(I:C) enhanced LPS lethality in a caspase-11-dependent manner Kayagaki et al., 2013) . In this model and in a model of bacterial sepsis, we found that hepatocytereleased HMGB1 and RAGE are critical for caspase-11-dependent lethality. However, hepatocyte Hmgb1 deletion fails to protect the mice from a single high dose of LPS (Huebener et al., 2015) and even may enhance inflammasome activation (Yanai et al., 2013) . Extremely high concentrations of extracellular LPS alone induce pyroptosis in vitro and bypass the need for HMGB1 to activate caspase-11. Taken together, our observations provide a mechanistic basis for the lethal effects of HMGB1 in endotoxemia and sepsis. Because HMGB1 release and caspase-11 upregulation evolve over several hours after the onset of sepsis, both molecules could be targeted to prevent lethality in sepsis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse studies Experimental protocols were approved by the Institutional Animal Care and Use Committees of the University of Pittsburgh and Central South University. We used moribundity as the endpoint for our survival study following the Animal Research Advisory Committee Guidelines from National Institutes of Health. Briefly, mice were monitor twice daily by personnel experienced in recognizing signs of moribundity. Mice were euthanized with CO 2 , when they became moribund.
Generation of Casp11 -/-mice Casp11
À/À mice mice were prepared by bringing the mutated Casp11 allele that spontaneously occurred in SV129 mouse (Kayagaki et al., 2011 ) to C57BL/6 background. Five nucleotides deletion at the exon 7 splicing site resulted into a shorter mRNA due to the alternative splicing skipping exon 7. Premature termination due to reading frameshift generated undetectable caspase-11 protein in the deficient mice. The F1 mouse was backcrossed with C57BL/6 mouse for 9 generations before experiments were carried out. The mutated alleles were monitored and tracked in the progenies with a set of PCR genotyping primers designed specific for the mutated alleles. The sequences of the primers are, forward, 5 0 -ACT TTC TCT CTT CTC ACT À3 0 , reverse, 5 0 -TGT CTA ACT ATA TTG AAA TGT G-3
0 . In the current study, we used WT littermates (C57BL/6J background) as the controls for the Casp11 À/À mice.
Cell-type specific Hmgb1 -/-or Tlr4 -/-or Casp11 -/-mice Casp11 fl/fl mice were generated by KOMP repository (www.komp.org). The Casp4 mouse strain used for this research project was created from ES cell clone EPD0208_5_H03, obtained from the KOMP Repository (www.komp.org) and generated by the Wellcome Trust Sanger Institute (WTSI). Targeting vectors used were generated by the Wellcome Trust Sanger Institute and the Children's Hospital Oakland Research Institute as part of the Knockout Mouse Project (3U01HG004080). This strain has the Knockout First, Reporter-tagged insertion with conditional Casp4 (Promoter Driven Cassette) allele, tm1a. The first sliced allele is exposed to the Flp construct (by in vivo Flp breeding) to remove the trapping cassette and render the allele fully conditional. The mouse strain used for this research project, C57BL/6-Tg(CAG-Flpo)1Afst-mucd, identification number 036512-UCD, was obtained from the Mutant Mouse Reginonal Resource Center, a NIH funded strain repository, and was donated by the MMRRC at UC Davis. The original transgenic was donated by Dr. Konstantinos Anastassiadis from Technische Universitaet Dresden.
For the generation of Hmgb1 fl/fl mice, the Hmgb1 fl/fl allele was created by inserting loxP sites within intron 1 and intron 2, flanking exon 2 of Hmgb1. Tlr4 fl/fl mice were generated as previously described (Deng et al., 2013 
CLP bacterial sepsis model
Sepsis was induced by CLP. Male mice that were 25 to 30 g in weight were used. The skin was disinfected with a 2% iodine tincture. Laparotomy was performed under 2% isoflurance (Piramal Critical Care) with oxygen. For the sub lethal model, 50% of the cecum was ligated and punctured twice with a 22-gauge needle. Saline (1 mL) was given subcutaneously for resuscitation immediately after operation. Mice were sacrificed at 18 hours after CLP. For the lethal model, 75% of the cecum was ligated and punctured twice with an 18-gauge needle. Mice were monitor twice daily by personnel experienced in recognizing signs of a moribund state. Mice were euthanized with CO2, when they became moribund or at observation endpoint (7 days).
Macrophage preparation and stimulation
Mouse peritoneal macrophages were isolated and cultured as described previously (Lu et al., 2012) . Briefly, mice (7-12 wk old) were injected with 3 mL of sterile 3% thioglycollate broth intraperitoneally to elicit peritoneal macrophages. Cells were collected by lavage of the peritoneal cavity with 5 mL of RPMI medium 1640 (GIBCO) 72 h later. After washing, cells were resuspended in RPMI medium 1640 supplemented with 10% fetal bovine serum and antibiotics (GIBCO). Peritoneal macrophages (10 6 cells per well) plated in 12-well plates were stimulated with ultra-pure LPS and HMGB1 which were pre-mixed at room temperature for 20 min. In some experiments, Cell lysates and supernatants were collected 16h later for immune-blot, ELISA and LDH release. Primary bone marrow derived macrophages (BMDMs) were cultured and differentiated in vitro as described previously (Lu et al., 2012) . Briefly, bone marrow were collected and incubated with collagenase at 37 C for 1 hour and then filtered through a 70-mm cell strainer. Erythrocytes were lysed with lysis solution. Bone marrow cells were differentiated in DMEM supplement with 10% fetal bovine serum and 20% M-CSF for 6 days.
Mouse lung endothelial cell preparation and stimulation
Mouse lung endothelial cells were isolated as previously described (Cheng et al., 2017) . In brief, blood-free mouse lungs were minced, digested with collagenase at 37 C for 45 min, triturated, and centrifuged at 1,000 g. Cell suspensions were incubated with Anti-Mouse CD31 (PECAM-1) Biotin antibody, after which ECs were magnetically sorted by EasySep Release Mouse Biotin Positive Selection Kit. Isolated ECs were plated on fibronectin-coated T-25 flasks and cultured with DME containing endothelial growth supplement. Cells were trypsinized and characterized by FACS analysis using anti-VE-cadherin, anti-VEGFR2, and anti-CD31 antibodies, which are known EC surface markers.
Mouse hepatocyte preparation and stimulation Cells were isolated from mice through an in situ collagenases (type VI, Sigma) perfusion technique, modified as described previously (Deng et al., 2013; Scott and Billiar, 2008) . Hepatocyte purity exceeded 99% by flow cytometric assay. Cell viability was typically > 90% by trypan blue exclusion. Hepatocytes (150,000 cells/mL) were cultured on gelatin-coated culture plates or coverslips coated with collagen I (BD PharMingen) in Williams medium E with 10% calf serum, 15 mM HEPES, 1 mM insulin, 2 mM L-glutamine, penicillin (100 U/mL), and streptomycin (100 U/mL). Hepatocytes were allowed to attach to plates overnight, and the culture media was replaced with fresh media before the cells were treated for experiments. After treatment, 1 mL of culture media was collected and centrifuged at 400 g for 5 min. The supernatant was removed to a new tube and stored at À80 C for further analysis.
METHOD DETAILS
RNAi Silencing
For siRNA Silencing of CASP4, THP1 were cultured in 12-well plates at 3 3 105 cells/well at the time of transfection. siRNA transfection was performed using the Lipofectamine RNAi MAX Transfection Reagent by following the manufacturer's instructions. 72 h after transfection, cells were stimulated with LPS alone or LPS+HMGB1.The siRNA target sequences are TCTACACTATAGTCC AGACCC (CASP4-1), GTCTGGACTATAGTGTAGATG (CASP4-2) and CGTACGCGGAATACTTCGA (control), which were described previously . The silencing efficiency was examined by western-blot using the corresponding antibodies.
Necrotic cell lysate preparation
Wild-type and Hmgb1 À/À fibroblasts (MEF) were purchased from HMGBiotech, Inc. Cells were cultured in DMEM medium supplemented with 10% FBS, 2-mecaptoethanol (5 3 10 À5 M), 100 U/mL penicillin, 100 mg/mL streptomycin, and 10 Mm HEPES. Necrotic cells were prepared by ten cycles of freezing and thawing. Necrosis was verified by microscopic evaluation showing cell fragments but no intact cells. The ratio of necrotic cells to macrophages in Figure 1F is 1:1. Briefly, 10 8 MEF cells were freezed and thawed 10 times in 1 mL serum-free RPMI 1640 medium, and then subjected to high-speed centrifugation. The supernatant was collected for macrophage stimulation. 10 6 macrophages were stimulated with 10ìl of such necrotic cell supernatant in the presence or the absence of LPS (1 mg/ml).
Isolation of cytosol fraction and LPS activity assay Subcellular fractionation of mouse peritoneal macrophages was conducted by a digitonin-based fractionation method as described previously with modifications (Vanaja et al., 2016) . Briefly, 5 3 10 6 cells were stimulated with LPS (100ng/mL) and HMGB1 (400ng/mL). After 2 h of treatment, the cells were washed with sterile cold PBS 4 times. Cells were subsequently treated with 300 ml of 0.005% digitonin extraction buffer for 10-15 min on ice and the supernatant containing cytosol was collected. The residual cell fraction containing cell membranes, organelles and nuclei were collected in 300 ml of 0.1% CHAPS buffer. BCA assay was used for protein quantification and LPS activity assay for LPS quantification. Additionally the fractions were immunoblotted for Na + -K+ ATPase, Rab7, LAMP1, and beta-Actin to confirm the purity of cytosol fraction.
Proximity-ligation assay A Proximity Ligation Assay kit (Sigma) was used to study the interaction between LPS and HMGB1 or caspase11 protein in mouse peritoneal macrophages, which is a unique method developed to visualize subcellular localization and protein-protein interactions in situ. Macrophages were cultured and stimulated on a six-well object glass in RPMI medium 1640. For LPS and HMGB1 interaction, cells were treated with or without LPS (5mg/mL) plus HMGB1 (10mg/mL) or LPS (5mg/mL) alone for 2h. To assess LPS and caspase11 interaction, cells were primed with 100ng/mL LPS for 4h before this treatment. After fixation with 4% formaldehyde and permeabilization with Triton, cells were incubated over night with primary antibody pair of different species directed to LPS (mouse monoclonal 2D7/1), HMGB1 (rabbit monoclonal EPR3507) or caspase11 (rat monoclonal 17D9). In situ PLA was performed according to manufacturer's instructions. Briefly, after incubation with primary antibodies, the cells were incubated with a combination of corresponding PLA probes, secondary antibodies conjugated to oligonucleotides (mouse MINUS and rabbit PLUS for LPS and HMGB1 interaction, mouse PLUS and rat MINUS for LPS and caspase11 interaction). Subsequently, ligase was added forming circular DNA strands when PLA probes were bound in close proximity, along with polymerase and oligonucleotides to allow rolling circle amplification. Fluorescently labeled probes complementary to sequence to the rolling circle amplification product was hybridized to the rolling circle amplification product. Thus, each individual pair of proteins generated a spot that could be visualized using fluorescent microscopy. Images were taken using a Leica confocal laser scanning microscope and quantified using Image-J software. In some experiments, cells were incubated with antibodies recognized mouse EEA1 and LAMP1 (Proteintech) before PLA procedure to stain the lysosomes or endosomes, respectively.
Immunofluorescence microscopy For immunofluorescence staining of spleen and gut tissue, the whole animal was perfused with PBS and fixed in 2% paraformaldehyde. Tissue was then placed in 2% paraformaldehyde for 2 h and then switched to 30% sucrose in distilled water solution for 12 h. Tissue sections (5 mm) were incubated with 2% bovine serum albumin (BSA) in PBS for 1 h, followed by five washes with PBS containing 0.5% BSA (PBB). The samples were then incubated overnight with primary antibodies. TMR red-labeled In Situ Cell Death Detection Reagent kit (Roche) was used to detect cell death according to manufacturer's instructions. Samples were washed with PBS prior to being coverslipped using Gelvatol (23 g polyvinyl alcohol 2000, 50mL glycerol, 0.1% sodium azide to 100 mL PBS). Imaging conditions were maintained at identical settings within each antibody-labeling experiment with original gating performed using the negative control. Imaging was performed using a Nikon A1 confocal microscope (purchased with 1S10OD019973-01 awarded to Dr. Simon C. Watkins). Quantification was performed using NIS Elements Software (Nikon).
ELISA and LDH Assay
Serum and cell culture supernatant samples were analyzed using IL-1a, IL-1b, TNF-a, IL-6 and HMGB1 ELISA kits. Cell death was assessed by LDH Cytotoxicity Assay kit .
Immuno-blot
Proteins from cell-free supernatants were extracted by methanol-chloroform precipitation and cell extracts. Samples were separated by 12% SDS-PAGE and transferred onto PVDF membranes (Millipore). Antibodies to mouse caspase-11 were used at 1:500 dilution, IL-1a was used at 1:1000 dilution; Antibodies to mouse gasdermin D was used at 1:500; HMGB1 was used at 1:2500 dilution. Antibodies to Na-K-ATP, Lamp1, and Rab7 were used at 1:1000 dilution. Blots were normalized to b-actin expression.
Flow cytometry
For evaluation of lysosomal rupture, cells were incubated with 1 mg/mL acridine orange for 15 min, washed three times and subsequently stimulated as indicated. Lysosomal rupture can be assessed by loss of emission at 600-650 nm using flow cytometry as described previously (Hornung et al., 2008) . For measurement of immune cell death, cells were blocked for Fc receptors with anti-mouse CD16/32 (BD Bioscience) for 5 min and then were stained with fluorochrome-conjugated Ab for 30 min, at 4 C in dark. Cells isolated from PLF were incubated with cell surface markers for myeloid cells (CD11b) and subsequently stained with red-labeled TMR (in situ cell death detection reagent) (sigma). Data were acquired with a BD FACS LSR Fortessa flow cytometer (BD Bioscience) and analyzed with FlowJo analytical software (TreeStar). Each experiment was repeated three times.
Imaging of HMGB1 molecules Single particle fluorescence imaging experiments were performed on an inverted optical microscope (Ti-U, Nikon, Japan). The mercury lamp was replaced with a solid-state diode laser (532 nm, CNI laser Changchun, China). The expended laser line was reflected with a dichroic mirror and focused onto the back port of an oilimmersion objective (NA 1.49, 100 3 , Nikon, Japan). The emitted fluorescence from the sample was then filtered with a band pass filter (605/55, Semrock, U.S.A.). In order to reduce the background noise from the sample and to image only the cell membrane, the incidence angle of the laser line was slightly adjusted to achieve a highly inclined thin illumination mode. The fluorescence image was captured by an EMCCD camera (Ultra 897, Andor, UK). The exposure time was set to 20 ms. Under this condition the data acquisition rate can reach 32 Hz for dynamic tracking. The diffusion trajectories of HMGB1 single particles on cell membrane were analyzed with ImageJ (http://rsb.info.nih.gov/ij/). The detailed procedures for single particle trajectory analysis can be found in the previous work. With this imaging setup (the pixel size of the camera is 16 m m 3 16 m m, that is in the image plane each pixel represents an area of 160 nm 3 160 nm), the temporal localization accuracy (with S/N better than 10) is comparable to the results in our previous work (better than 10 nm).
Whole-cell Patch-clamp Recording Inward currents were recorded using an EPC-10 patch-clamp amplifier (HEKA, Germany) under whole-cell patch-clamp conditions at room temperature (20-25 C) as described previously (Moyes et al., 2016) . Briefly, fire-polished electrodes (0.8-1.5MU) were fabricated from borosilicate glass tubing (VWR micropipettes; VWR Co., West Chester, PA, USA) using atwo-stage vertical microelectrode puller (PC-10; Narishige, Tokyo, Japan). For K + current recording in HEK293T cells, pipette solution contained the following:140 mMKCl,2.5 mM MgCl 2 ,10 mM HEPES, and 11 mM EGTA (pH7.2),the external bath solution contained the following: 150, 30 mM KCl, 5 mM CaCl2, 4 mM MgCl2, 0.3 mM TTX, 10 mM HEPES, and 10 mM D-glucose, adjusted to pH 7.4 or 5.0. The P4 protocol was used to subtract linear capacitive and leakage currents. Experimental data were acquired and analyzed on a Pentium IV computer using the Pulse program (version 8.31; HEKA).
Images of the EGFP-HMGB1 were acquired with a 488 nm laser with a 100 ms exposure at multiple positions in the cell every 2 min for 2h.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data were analyzed using GraphPad Prism software (version 5.01). Data were analyzed using by Student's t test were used for comparison between two groups or one-way ANOVA followed by post hoc Bonferroni test for multiple comparisons. For measurements of bacterial CFU, groups were compared using nonparametric Mann Whitney U statistics. Survival data were analyzed using the log-rank test. A p value < 0.05 was considered statistically significant for all experiments. All values are presented as the mean ± SD.
